Abstract Many genetic mutations in sarcomeric proteins, including the cardiac myosin regulatory light chain (RLC) encoded by the MYL2 gene, have been implicated in familial cardiomyopathies. Yet, the molecular mechanisms by which these mutant proteins regulate cardiac muscle mechanics in health and disease remain poorly understood. Evidence has been accumulating that RLC phosphorylation has an influential role in striated muscle contraction and, in addition to the conventional modulation via Ca 2+ binding to troponin C, it can regulate cardiac muscle function. In this review, we focus on RLC mutations that have been reported to cause cardiomyopathy phenotypes via compromised RLC phosphorylation and elaborate on pseudo-phosphorylation rescue mechanisms. This new methodology has been discussed as an emerging exploratory tool to understand the role of phosphorylation as well as a genetic modality to prevent/rescue cardiomyopathy phenotypes. Finally, we summarize structural effects postphosphorylation, a phenomenon that leads to an ordered shift in the myosin S1 and RLC conformational equilibrium between two distinct states.
Introduction
Diseases of the heart and circulatory system are leading causes of death worldwide, with heart failure (HF) being highly prevalent in the most affluent parts of the world (Kannel 2000) . Familial hypertrophic cardiomyopathy (HCM), which often leads to HF, is an autosomal dominant disorder manifested by ventricular and septal hypertrophy, myofibrillar disarray, abnormal ECG findings and sudden cardiac death (SCD). HCM is the most common cause of SCD among young individuals, particularly competitive athletes (Maron 2002) . The disease originates from mutations in genes encoding major contractile proteins of the heart, such as β-myosin heavy chain (β-MHC) (44%), myosin binding protein C (MyBP-C) (35%), regulatory light chain (RLC) (2%), essential light chain (ELC) (1.6%), α-tropomyosin (α-Tm) (2.5%), troponin T (TnT) (7%), troponin I (TnI) (5%), troponin C (TnC) (∼1%), α-actin (1%), and titin (<1%) (Alcalai et al. 2008) . The characteristic pathologic features of HCM include cardiac hypertrophy, extensive disorganization of the myocyte structure (myocyte disarray) and myocardial fibrosis (Binder et al. 2005; Ho et al. 2010) . Unfortunately, there is currently no cure for HCM, and it is now becoming evident that any effective therapy must target the underlying mechanisms involved in the pathogenesis of the disease (Granzier and de Tombe 2015; Moore et al. 2012; Tardiff et al. 2015) . Current approaches solely rely on the symptomatic treatments of diastolic dysfunction, a hallmark of HCM, and include the use of β-blockers and Ca 2+ channel blockers to slow heart rate and increase the diastolic filling time (Ho et al. 2002; Olivotto et al. 2009 ). Clinicians and researchers all agree that targetspecific therapies hold the most future promise for treating HCM (Bers and Harris 2011; Olivotto et al. 2009 ). The recent discovery of omecamtiv mecarbil and MYK-461, small molecules specifically targeting the function of myosin, the major force-generating protein of the heart, highlights the importance of such approaches (Green et al. 2016; Malik et al. 2011) .
Cardiac muscle contraction is driven by the ATPdependent cyclic attachments and detachments of the myosin cross-bridges to actin-containing thin filaments (Geeves and Holmes 2005) . RLC is a major regulatory subunit of myosin and a modulator of the troponin/tropomyosin and Ca 2+ -controlled regulation of cardiac muscle contraction (Szczesna 2003) . It is attached to MHC at the head-rod junction and, together with ELC, stabilizes the α-helical neck region of the myosin head, also called the lever arm (Burghardt and Sikkink 2013; Geeves 2002; Rayment et al. 1993) . The N-terminal domain of the RLC contains a divalent cation binding site and a myosin light chain kinase (MLCK)-specific phosphorylation site at Ser-15 (Fig. 1) . In the beating heart under basal physiological conditions, RLC was seen to be phosphorylated at about 0.4 mol of phosphate (Pi)/mol of RLC in a variety of animal species, including humans (Huang et al. 2008; Kamm and Stull 2011) . More recently, rodent hearts were shown to be basally phosphorylated at less than 0.05 mol Pi/mol RLC in vivo (Kampourakis and Irving 2015) , creating an absence of a clear consensus. In murine striated cardiac muscle, RLC may exist in an unphosphorylated, singly phosphorylated or doubly phosphorylated state (Ser 14/15). However, human ventricular RLC may only be singly phosphorylated (Ser-15) (Fig. 1) or singly deamidated (Asn-14 to Asp-14) (Scruggs et al. 2010; Scruggs and Solaro 2011) . These sites are mostly phosphorylated by a cardiac-specific MLCK (cMLCK), encoded by MYLK3, which, in addition to its role in Ca 2+ sensitization of myofilaments (Sweeney and Stull 1986) , may serve as an adaptive mechanism to rapidly facilitate sarcomere organization in cardiac myocytes in response to hypertrophic stimuli associated with increased intracellular Ca 2+ (Aoki et al. 2000) . A significant role for cMLCK has been shown in cardiogenesis (Seguchi et al. 2007 ) and proper myofibrillogenesis (Terry et al. 2006) . Upregulation of cMLCK was considered as a mechanism to promote sarcomere reassembly and enhanced contractility of the failing heart (Seguchi et al. 2007) .
The Kasahara group previously demonstrated that cMLCK plays a functional role in cardiac adaptations as well as mediating the transition from compensated to decompensated hypertrophy (Warren et al. 2012) . The study reported that heart failure under pressure overload induced by transaortic constriction (TAC) in wild-type (WT) mice reduces cMLCK and consequently decreases the phosphorylated cardiac RLC. This adverse effect on heart function was attenuated by cMLCK overexpression in the absence of increased loading. Similarly, Massengill et al. (2016) reported that an acute, inducible reduction of cMLCK leads to sarcomeric disorganization, fibrosis, reduced contractility and cell death, and causes severe systolic and diastolic dysfunction and rapid progression to heart failure with reduction of fractional shortening. In addition, Mylk3-KO mouse hearts, lacking expression of cMLCK, displayed a significant reduction in Ca 2+ amplitude and Ca 2+ decay rates as well as SERCA2a mRNA, implying impaired calcium handling (Massengill et al. 2016) .
Genetic mutations in myosin regulatory light chain lead to cardiomyopathy
Recent genetic studies have revealed that mutations in MYL2, encoding the human ventricular RLC, are more common than previously reported (for review, see Muthu et al. 2012a; Szczesna 2003) and in just the last few years, new RLC mutations have been identified (Caleshu et al. 2011; Santos et al. 2012) , with some detected multiple times and in different ethnic populations (Andersen et al. 2009; Garcia-Pavia et al. 2011) . Multiple reports of MYL2 genetic variations have been published to date. They are A13T (Andersen et al. 2001; Hougs et al. 2005; Poetter et al. 1996) , F18L (Flavigny et al. 1998; Richard et al. 2003) , M20L (Olivotto et al. 2008 ), E22K (Garcia-Pavia et al. 2011; Kabaeva et al. 2002; Poetter et al. 1996) ; I44M (Santos et al. 2012 ), N47K (Andersen et al. 2001 ), G57E (Caleshu et al. 2011 , R58Q (Flavigny et al. 1998; Kabaeva et al. 2002; Morner et al. 2003; Olivotto et al. 2008; Richard et al. 2003) , P95A (Poetter et al. 1996) , K104E (Andersen et al. 2001 ), E134A (Di Donna et al. 2010; Olivotto et al. 2008 ); D166V, IVS5-2 (an A > G transversion in intron 5 that leads to a premature termination codon) , and IVS6-1 (a G > C transversion in the acceptor splice site of intron 6) (Andersen et al. 2001) . Recently, a novel sarcomeric protein mutation in the MYL2 gene was identified by exome sequencing in a pedigree with familial dilated cardiomyopathy (DCM) . The missense variant occurred at Asp-94, mutating it to Ala (D94A), and was not observed in 5400 Exome Variant Server control DNAs ( Fig. 1) . Fig. 1 Three-dimensional representation of human ventricular RLC (Swiss-Prot: P10916) and cardiomyopathy-linked mutations (pdb: 1WDC). In red, HCM phenotypes of decreased RLC phosphorylation in transgenic mouse myocardium. Adapted from Szczesna et al. (2001) Myosin regulatory light chain phosphorylation in health and disease
In the early 1970s, S.V. Perry suggested that myosin light chains could exist as charged variants (Perrie et al. 1972 (Perrie et al. , 1973 , shortly after which phosphorylation was established as a significant mechanism in cardiac and skeletal muscle (Frearson and Perry 1975) . Myosin RLC phosphorylationinduced enhancement of isometric force and increased rates of muscle contraction have been reported in a wealth of studies from different laboratories (Colson et al. 2010; Davis et al. 2001; Greenberg et al. 2009; Scruggs and Solaro 2011; Sheikh et al. 2012; Sweeney et al. 1993; Warren et al. 2012) . Specifically, RLC phosphorylation was shown to accelerate the rate of cross-bridge entry into the force generating state by regulating the proximity as well as the interaction of myosin with actin, thereby increasing Ca 2+ sensitivity and amplitude of force at all activation levels (Colson et al. 2010; Szczesna et al. 2002) .
In the human heart, Davis and Epstein proposed that myosin RLC phosphorylation is high in the epicardium and gradually decreases from the apex to the base, contributing to the twisting motion (torsion) of the ventricles during systole, and thus regulating diastolic and systolic function of the heart (Davis et al. 2001) . This claim of a spatial gradient of RLC phosphorylation, however, has been challenged by the Stull group and quantitative measurements have revealed no evidence for its existence in the hearts of WT and transgenic mice overexpressing cMLCK (Huang et al. 2008; Kamm and Stull 2011) . Significantly depressed Ser-15 RLC phosphorylation was reported in HF patients (van der Velden et al. 2003a, b) and was also observed in experimental animal models of cardiac disease (Scruggs et al. 2009; Sheikh et al. 2012; Yuan et al. 2015) . Studies in mice showed that reduced RLC phosphorylation resulted in abnormal heart performance, presumably through morphological and/or myofibrillar functional alterations (e.g., change in force, myofilament calcium sensitivity, ATPase activity, cross-bridge kinetics) (Huang et al. 2008; Kerrick et al. 2009b; Warren et al. 2012 ). Likewise, attenuation of RLC phosphorylation in cMLCK knock-out mice was demonstrated to cause ventricular hypertrophy, fibrosis and dilated cardiomyopathy (Ding et al. 2010) . Scruggs et al. (2009) determined the effects of RLC phosphorylation on the in situ cardiac systolic mechanics and in vitro myofibrillar mechanics using a transgenic mouse model expressing a cardiac specific non-phosphorylatable RLC [Tg-RLC(P-)]. The group showed a decrease in base-line load-independent measures of contractility and power as well as an increase in ejection duration together with a depression in phosphorylation levels of MyBP-C and TnI. Interestingly, following β1-adrenergic stimulation, non-transgenic controls were significantly phosphorylated at RLC Ser-15, which was abrogated in Tg-RLC(P-). The study showed the importance of RLC phosphorylation in maintenance of normal ejection fraction and β 1 -adrenergic responsiveness (Scruggs et al. 2009 ). These reports indicate that maintaining the physiological levels of RLC phosphorylation is critical for the normal function of the heart and suggest that the myocardium containing dephosphorylated myosin, the molecular motor of muscle contraction, has a reduced ability to produce force and maintain cardiac function at physiological levels.
A number of mutations known to cause HCM reside in the region of the Ser-15 phosphorylation site. Szczesna et al. (2001) reported that A13T (in close proximity to Ser-15) led to decreased phosphorylation levels, impaired secondary structure and reduced calcium binding properties of RLC, which were normalized following phosphorylation. DCMlinked D94A-RLC mutation was shown to significantly alter the N-terminal α-helical region of the RLC, and trigger intramolecular rearrangements in the RLC molecule that ultimately resulted in alterations of RLC function . Other studies from Szczesna et al.'s laboratory have also revealed compromised RLC phosphorylation in several different HCM models (Tg-R58Q and Tg-D166V), occurring concurrently with diminished maximal tension and altered Ca Muthu et al. 2012b) . Studies with HCM causing mutations in the myosin RLC suggest a correlation between the severity of cardiomyopathy phenotype and the level of RLC phosphorylation in vivo (Huang et al. 2014; Kerrick et al. 2009b; Muthu et al. 2012b ). The compromised phosphorylation of RLC mutants compared to WT suggests that diminished RLC phosphorylation observed in HCM hearts may have an important physiological role and is central to the understanding of the mutation-elicited detrimental cardiomyopathy phenotype. It is likely that a mutation-induced conformational change in the α-helical MHC lever arm domain contributes to diminished RLC phosphorylation. The mutation may also affect the incorporation of the mutant RLC into the MHC and impose changes on the interaction of RLC with myosin heavy chain and possibly with the ELC modulating myosin unitary step-size (Wang et al. 2013 ).
Therapeutic potential of myosin RLC pseudo-phosphorylation
Pseudo-phosphorylation of myosin RLC has been used both in vitro and in vivo as a genetic approach to normalize RLC phosphorylation (Yu et al. 2016) . Yuan et al. (2015) recently showed that hypertrophic cardiomyopathy caused by the D166V RLC mutation could be prevented/rescued by cardiac-specific expression of the pseudo-phosphorylated variant (S15D) of the human ventricular D166V-RLC. Using transgenic S15D-D166V murine models, the group reported significant improvements of intact heart function in S15D-D166V mice compared with D166V alone with the systolic and diastolic indices reaching those monitored in WT mice. A largely reduced maximal tension and abnormally high myofilament Ca 2+ sensitivity observed in D166V-mutated hearts were reversed in S15D-D166V mice . Previously, Muthu et al. (2014) examined in vitro the effectiveness of pseudo-phosphorylation of cardiac myosin RLC, using recombinant phosphomimetic RLC mutants reconstituted in porcine cardiac muscle preparations. They showed an S15D-induced rescue of both the enzymatic and binding properties of D166V-myosin to actin as well as an increase in the force production capacity in the in vitro motility assays . These results demonstrated for the first time that RLC pseudo-phosphorylation can be used as a novel target to reverse the majority of the mutation-induced phenotypes, the idea that was ultimately tested in transgenic mice . Mechanistically, they proposed that S15D-mediated structural changes in the RLC molecule may augment acto-myosin interactions and the generation of force, thus improving cardiac contractility and averting detrimental heart remodeling (Fig. 2) . The study suggested that a serine-15 to aspartic acid substitution may be capable of correcting the mutation-induced inhibitory conformation of the RLC that is rendered unphosphorylatable in the D166V-HCM hearts (Fig. 2) .
Pseudo-phosphorylation has also been explored to investigate regulatory roles of phosphorylation in other sarcomeric proteins. Pseudo-phosphorylated Tm was shown to increase maximal myosin ATPase activity without altering the steadystate Ca 2+ sensitivity of the myofilament, thereby regulating muscle relaxation dynamics (Nixon et al. 2013) . Similarly, viral-based gene transfer studies show that replacing myofilament cardiac TnI with phosphomimetic cTnI S43/S45D may serve as modulatory brakes by slowing/reducing contraction as well as leading to adaptive changes to modulate crossbridges cycling and fine-tune contractile performance (Lang et al. 2015) . Finally, phosphorylation in myosin essential light chain has also been studied. Scheid et al. (2016) investigated the role of the highly conserved Ser-195 phosphorylation site of the ELC using heterozygous adult zebrafish lazy susan (laz m647 ) in regulating contractile function in normal physiology and disease. After physical stress, heart function of laz heterozygous zebrafish severely deteriorated, causing heart failure and sudden death. They showed that, upon physical stress, ELCs become phosphorylated and the lack of Ser-195 dominant-negatively impairs ELC phosphorylation, resulting in altered acto-myosin sliding velocities and myosin binding cooperativity, and causing reduced force generation and organ dysfunction. Interestingly, the group previously showed that phosphomimetic S195D-ELC could rescue the phenotype of homozygous laz m647 (Meder et al. 2009 ). Similarly, S195D pseudo-phosphorylation of ELC mutants linked to HCM was recently shown to rescue the abnormally high Ca 2+ -sensitivity of force and compromised ATPase activity in ELC-exchanged porcine cardiac muscle preparations Szczesna-Cordary and de Tombe 2016) .
Structural effects associated with myosin RLC pseudo/phosphorylation
Structural studies on muscle filaments implicated the negative charge of myosin RLC phosphorylation in repelling the myosin heads away from the thick filament toward actin as a mechanism with an increase in the likelihood of cross-bridge binding and force production (Colson et al. 2010; Levine et al. 1995 Levine et al. , 1998 Metzger et al. 1989) . Electron microscopy studies Fig. 2 Modeled structure of the human ventricular RLC-WT, D166Vand S15D-D166V mutant proteins. Note the mutation-rendered changes in the C-α distance between the site of HCM mutation and the myosin RLC phosphorylation site at Serine15 (S15). The predicted structures of RLCs were based on pdb structures 3jvtB, 1prwA, 4ik1A, 2mysA, 4i2yA and 2w4aB. The predicted structures were then modeled using the PyMOL (www.pymol.org) molecular visualization system to allow determination of the C-α distances (Å) between neighboring amino acid residues. From Yuan et al. (2015) of isolated myosins and thick filaments suggested a conserved molecular mechanism in which RLC phosphorylation activates or potentiates contractility by disrupting a compact 'OFF' conformation of myosin in which the myosin heads are folded back on the myosin tail (Jung et al. 2008; Wendt et al. 2001; Woodhead et al. 2005) . Using bifunctional rhodamine probes on the cardiac RLC, Kampourakis et al. have reported that phosphorylation enhances active force and its Ca 2+ -sensitivity and alters thick filament structure, with the myosin head domains becoming more perpendicular to the filament axis (Fig. 3) (Kampourakis and Irving 2015; Kampourakis et al. 2016) . RLC phosphorylation is thus believed to alter the conformational equilibrium towards states in which the heads can more readily interact with the thin filament. In the absence of phosphorylation, myosin S1 and RLC regions are in conformational equilibrium between binding to the thick filament backbone (OFF state) and moving away from the backbone (ON state), while RLC phosphorylation shifts this equilibrium towards the ON state (Kampourakis and Irving 2015) (Fig. 3) . Interestingly, the authors reported that cardiac RLC phosphorylation does not lead to a disordered structure and an ordered RLC-thick filam e n t ba c kb o n e i n t e r a c t i o n i s m a i n t a i n e d po s tphosphorylation even in the calcium-activated systolic state (Kampourakis and Irving 2015) . This evidence challenges the previous studies that (1) implicated Bweakening/breakingm echanism by which RLC phosphorylation controls myosin head conformation by disrupting a compact OFF conformation of myosin (Jung et al. 2008) or (2) maintained that RLC phosphorylation produces an order-to-disorder transition in skeletal muscle thick filaments (Levine et al. 1995; Stewart et al. 2010) . The study also suggested a rather global change in RLC environment associated with changes in tertiary structure/intermolecular interactions, which argues against a previously reported unchanged conformation postphosphorylation in scallop catch muscle myosin (Kampourakis and Irving 2015; Kumar et al. 2011) .
Using a Q-dot assay and single molecule approach, the Burghardt group showed that RLC phosphorylation is a significant modulator of myosin activation mechanism facilitating the movement of actin filaments with the largest 8-nm step-size compared to a non-phosphorylated 5-nm step-size translation (Wang et al. 2014) . The authors argued that the longer working stroke upon myosin RLC phosphorylation is due to facilitation of the direct N-terminus ELC-actin interaction, another interesting mechanism for RLC pseudo/ phosphorylation-mediated enhancement of cardiac function (Wang et al. 2014) . Using molecular dynamics simulations, the Thomas group studied the effect of pseudophosphorylation mutants of smooth muscle RLC on the structural dynamics and showed that a simple charge replacement at position Ser-19 does not mimic the activating effect of myosin phosphorylation (Espinoza-Fonseca et al. 2014) . They showed that phosphorylation produces a unique conformational balance in the RLC, which most likely plays a key role in smooth muscle activation (Espinoza-Fonseca et al. 2014) .
In summary, RLC phosphorylation has been shown to be an important modulator of muscle cell dynamics and function, and that targeting this post-translational modification may be of great importance for clinical medicine aimed at effective and target-specific treatments for HCM/HF patients. In cardiac hypertrophy, the heart responds to a multitude of intrinsic and extrinsic stimuli that increase biomechanical stress (Frey and Olson 2003) . RLC phosphorylation may play a role in an adaptive cardiac response by facilitating the acto-myosin interaction and thereby enhancing contractility. This involves a Fig. 3 Schematic model for the effect of cRLC phosphorylation on myosin head orientation. a Unphosphorylated myosin heads are in a conformational equilibrium between more parallel OFF-states (peaks C1 and C4,) and more perpendicular ON-states (peaks C2 and C3), controlled by the interaction of the cRLC with the thick filament surface. The cRLC and ELC are shown in blue and orange, respectively. The N-and C-terminal lobes of the cRLC are labeled accordingly. b Phosphorylation of cRLC destabilizes the parallel OFF-conformations (C1 and C4) promoting attachment of the catalytic domain of myosin to actin. From Kampourakis and Irving (2015) regulated conformational shift and possibly a facilitated longer working stroke. As a result, regulating RLC phosphorylation levels is a major therapeutic target in the field of cardiomyopathy and HF subjects. We also report on studies that have successfully examined the efficacy of pseudophosphorylation as a potential rescue mechanism, both in vitro and in vivo, and therefore may form the basis of a working proof-of-principle concept for future therapeutic interventions.
